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Abstract 

Recently, a curious neutrino mass matrix has been proposed: it is related to up-quark 
masses, and it can excellently give a nearly tribimaxial mixing. It is pointed out that, in 
order to obtain such successful results, three phenomenological relations among masses and 
CKM parameters must be simultaneously satisfied. This suggests that there must be a spe- 
cific flavor-basis in which down-quark and charged lepton mass matrices are simultaneously 
diagonalized. 

1 Introduction 

Recently, a curious neutrino mass matrix has been proposed by the author [1]: the mass 
matrix is related to up-quark masses as follows: 

= MdM^^mI, (1.1) 

where the neutrino Dirac mass matrix is given by M/j oc Mg (Mg is a charged lepton mass 
matrix), and the right-handed neutrino Majorana mass matrix M/j is given by 

Mr oc MeM^^ + Ml'^Me. (1.2) 

The mass matrix (1.1) with (1.2) has been derived from an idea that the origin of the mass 
spectra (i.e. effective Yukawa coupling constants) is due to vacuum expectation values (VEV) 
structures of gauge singlet scalars (^ij. (The details are reviewed in the next section.) In order 
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to obtain the lepton mixing matrix U , one must know forms of and MJ in the "e-basis" 
(we refer to a diagonal basis of the mass matrix Mj as "/-basis" ) . The form M£, = is given 
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by Me = diag{me, m^,mr) in the e-basis. For the form Mu , by analogy with the relation 
Mu = V'^DuV in the d-basis, where Du = diag(m„, rric, m^) and V is the Cabibbo-Kobayashi- 
Maskawa (CKM) quark mixing matrix (and note that a mass matrix Mf is diagonalized as a 
form UjMfUf = Dj in the present model because we assume an 0(3) flavor symmetry as we 
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mention it in Sec. 2), we assume that MJ in the e-basis is given by a form 

= v'^{6)Di/^V{6), (1.3) 

where we have adopted the standard expression VSD [2j as a phase convention of the CKM 
matrix V{6). In order to estimate the form M^, we use the following observed up-quark masse 
values at an energy scale of the weak interactions /x = mz [3J, = 0.00127 GeV, rric = 0.619 
GeV, mt = 171.7 GeV, and the observed CKM mixing parameters (best-fit values) [3] \Vus\ = 



Table 1: 6 dependence of predicted values in the standard phase convention of V{d). Here, 
\Vus\, \Vcb\ and \ Vub\ have been used as three input values of the four independent parameters of 
V{6). The best-fit value of 6 in the quark sector is 6q = 69.8° from the observed CKM matrix 
data. 
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0.2257, \Vcb\ = 0.0415 and |T4fe| = 0.00359 together with the observed charged lepton masses. 
(Here, since we use the values at /x = mz for the CKM matrix parameters, we also use the 
running mass values at = mz-) Then, one can successfully obtain a nearly tribimaximal 
mixing [5], 



U 



/ +0.8026 -0.5966 -0.0009 

-0.4356 -0.5871 +0.6823 | , (1.4) 
V +0.4076 +0.5472 +0.7311 



for (5 = vr, i.e. 

sin^ 26*23 = 0.99 52, tan^ 6 = 0.5525, |?7i3| = 0.00094. (1.5) 



For reference, we give phase-dependence of the numerical results in Table 1. The best-fit values 
[1] of the CKM mixing parameters show d = 69.8°. However, as seen in Table 1, the predicted 
value of sin^ 2^23 at (5 ~ 69.8° is in poor agreement with the observed value sin^ 2^23 = l-00_o.i3 
[6] , although the predicted value of tan^ 612 is roughly in agreement with the observed value 
tan^ ^12 = 0.47^^^005 [7J. As stated in the next section, since the flavor-basis transformation 
matrix is confined to an orthogonal matrix because the present model is based on an 0(3) flavor 
symmetry, the phase parameter 6 must be or vr. 

We also list numerical results for the original Kobayashi-Maskawa phase convention [S] in 
Table 2. As seen in Table 2, not only the both cases, S = and 5 = tt, but also any values of 5 
cannot give a reasonable value of sin^2^23- Thus, we find that the phenomenological success is 
only for the case of V{5) = Vsoi^) (not for the original KM phase convention of CKM matrix). 

In order to obtain the phenomenological success, it is essential to assume not only the 
neutrino mass matrix form (1.1) with (1.2), but also forms of flavor-basis transformation matrices 
U-ud and Uue 

Uud = VsD{5,) (<5,=^70°), 
Uue = VsD{k) (Si = 180°), 



Table 2: 5 dependence of predicted values in the original Kobayashi-Maskawa phase convention 
of V{6). Here, \Vus\, \Vtd\ and \Vub\ have been used as three input values of the four independent 
parameters of V{5). The best-fit value of 6 in the quark sector is 5g = 90.8° from the observed 
CKM matrix data. 
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where Uff transforms a matrix in an /-basis into that in an /'-basis, and Vsd{^) is the standard 
phase convention of the CKM matrix with the observed values of \Vus\, and \ Vub\ as three 
input values of the four independent parameters of Vsd- 

In Sec. 2, we give a short review of the model which leads to the mass matrix (1.1) with 
(1.2). In Sec. 3, we investigate relations between conditions for tribimaximal mixing and the 
empirical neutrino mass matrix (1.1) with (1.2) and (1.3) from the phenomenological point of 
view. One will find that three phenomenological relations among the masses and CKM matrix 
parameters must simultaneously be satisfied in order to get a nearly tribimaximal mixing. As 
we state in Sec. 3, it is hard to consider that such the simultaneous coincidence are accidental, so 
that it should be considered that such phenomenological relations originate in a common law. 
In Sec. 4, we speculate possible forms of the mass matrices and Mg. It is concluded that 
there is a flavor basis in which the down-quark and charged lepton mass matrices, and Me, 
are simultaneously diagonalized. Finally, Sec. 5 is devoted to summary and remarks. 

2 Model 

The neutrino mass matrix related to up-quark masses has first been derived on the basis of 
a U(3) flavor symmetry model [9], and then, the form (1.1) with (1.2) has been derived on the 
basis of an 0(3) flavor symmetry model [1]. In this section, we give a short review of the 0(3) 
model. 

It is assumed that effective Yukawa coupling constants Yj^^ are given by VEVs (Yy) of 
gauge singlet scalars Yf (for convenience, we refer to those fields as "Yukawaons" ) which belong 
to (3 X 3)5 = 1 + 5 of an 0(3) flavor symmetry: 

+ Yl ^LiiY,)ijNjHu + Y jU{Y,),jEjHd + h.c. + ^ yRNi{Yn)^jNj, (2.1) 

where Q and L are quark and lepton SU(2)i doublet fields of 0(3) p triplets, and U, D, N, and E 
are SU(2)i singlet matter fields of 0(3)i? triplets, and A is an energy scale of an effective theory. 



Since we assume the 0(3) flavor symmetry, the Yukawaons Yf (/ = u, d, e, u, R) are symmetric. 
Under this definition of (l/)jj given by Eq.(l.l), the VEV matrix (Yf) are diagonahzed as 
Uj{Yf)Uf = {Yf)^, where the index D means that the matrix is diagonal, and the quark and 

lepton mixing matrices V and U are given hy V = uljJd and U = ulUu, respectively. In order 
to distinguish the Yukawaons Yy from each other, the following U(l)x charges are assigned: 
QxiYf) = Xf {f = u, d, z/, e), Qx{U) = —Xu, Qx{E) = — Xe, and so on. The field Yr has a 
charge Qx{Yb) = 2xy. 

One writes a superpotential W under the following conditions: (i) Terms consist of, at 
most, holomorphic cubic terms of the fields, and do not contain higher dimensional terms, 
except for the Yukawa interaction terms Wy] (ii) Those are invariant under the 0(3)f and 
U(l)x symmetries, (iii) Yukawaons Yf always behave as a combination of 1+5, so that, for 
example, 5 alone never appears in the interaction terms. 

The VEV spectra (Yf) are evaluated from supersymmetric (SUSY) vacuum conditions for 
a superpotential W = Wy + Wu + Wd + We + + Wr, where Wf (/ = u, d, u, e, R) play a 
role in fixing the VEV structures (Yf). (Since one can easily show (Q) = (L) = (U) = {D) = 
(N) = (E) = 0, hereafter, the term Wy is dropped from the superpotential W as far as the 
VEV structures of Yf are investigated.) For example, a spectrum of (1^) is obtained from the 
following superpotential terms W^- 

Wu = A„TV[$„$„^„] + ^iu^r[YuAy\ + W$„, (2.2) 

where a new filed has U(l)x charge Qx = —Xu- Here, the term W$„ has been introduced in 
order to fix eigenvalues of Since the purpose of the present paper is not to discuss quark 

and lepton mass spectra, an explicit form of W$„ is given in Appendix A. Since W<^u contains Y^ 
and $u as shown in Appendix A, SUSY vacuum conditions dWj dYu = and dW/ = will 
be discussed in Appendix A. Prom a SUSY vacuum condition dW/dAu = (for the moment, 
one regards Wu as W), one obtains 

dW 

— - = = Xu^u^u + fiuYu, (2.3) 

OJiu 

so that one obtains a bilinear relation 

(Yu) = -^{^u){^u), (2.4) 
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i.e. the field plays a role of Mu in Eq.(1.2). For convenience, wc refer to ^f as "ur- 
Yukawaons". The ur- Yukawaons ^f play a role in fixing VEV spectra of Yukawaons. Although 
we consider 5 Yukawaons Yf (/ = u,d,e,iy, R), we will consider only 2 ur- Yukawaons $e and 
in the present model. Note that, since the matrix (<!>„) is not Hermitian, the relation 

Uu{Yu)Uu = {Yu)° oc diag(m„, mc,mt), (2.5) 

does not always mean 

U^{<^u)Uu = i'^u)^ oc diagi,/^, Vm), (2.6) 



where D denotes that the matrix is diagonal. As one sees later, one needs the relation (2.6). 
Therefore, we assume the field (and also Yy) is real, so that the matrix Uu is orthogonal 
matrix. 

For the charged lepton sector, we also assume superpotential term We similar to the up- 
quark sector: 

We = AeTr[$e^e^e] + l^eT^[YeAe] + W^e, (2-7) 

where and Ae have U(l)x charges ^Xe, Xe and — Xg, respectively, so that one obtains 

relations 

^e = -— ^e^e, (2-8) 

with oc diag (^rrig, ^m^, ^m^), where one has again assumed that the field $e is real. (Here 
and hereafter, for simplicity, we will sometimes express VEV matrices (M) as simply M.) 

Next, let us investigate a possible form of Wr- We introduce a new field with U(l)x 
charge Qx = —"^Xy. In order to obtain the relation (1.2), we assume the following form of Wr: 

Wr = XRTr[{Ye^u + ^uYe)AR] + ^iRTr[YRAR] + Xr^TtIY^Y^Ar] , (2.9) 

where we have assumed a relation among the U(l)x charges, 

2x^ = ^Xu + Xe. (2.10) 

Prom SUSY vacuum conditions OW/OYr = 0, one obtains Ar = 0. Then, the requirement 
dW/dYe = leads to the condition dWe/dYe = 0, so that one obtains the relation (2.8). Prom 
dW/dAR = 0, one obtains 

Yr = - — {Ye^u + ^uYe + CYuYu). (2.11) 
MR 

The third term (^-tcrm) does not affect a form of the lepton mixing matrix U because the term 
gives a constant term proportional to a unit matrix 1 as shown later. Thus, one can obtain the 
desirable form (1.2) of Yr. 

Next, we discuss how to obtain {Y,y) = (Ye). The simplest assumption to obtain a relation 
Md oc Me (i.e. Yi, oc Ye) is to assume that the fields N and E have the same U(l)x charges 
(i.e. Xi, = Xe), and to consider a model without Y^,. However, then, one obtains Xi, = Xe = Xu/2 
from the relation (2.10), so that Ye and (and also Y^ and Yr) have the same U(l)x charges. 
This brings some additional terms into W„, We and Wr due to the mixings between Ye and 
and between Y^ and Yr, so that one cannot obtain desirable relations without ad hoc selections 
of those terms. Therefore, in order to obtain the relation oc 1^ with Xi, ^ Xe, we assume the 
following structure of Wi,: 



= K^,^^Tr[Y^A^] + Ke^eTr[YeA^], 



(2.12) 



where and (pe are gauge- and flavor-singlet fields, and we assign U(l)x charges as Qxi^u) = 
Xv, Qxi^Pu) = —{xu + Xu) and Qx{4>e) = —{xe + Xy). From dW/d(j)y = and 9Ty/9(/)e = 0, one 
obtains Ay = 0. From dW/dAy = 0, one obtains 

Yy = -^Y,. (2.13) 

In order to obtain a neutrino mixing matrix form in the e-basis, one must know a matrix 
form of {^u) in the e-basis, although the form {^u)^ on the n-basis is given by Eq.(2.6). (Now, 
"/-basis" is defined as a flavor basis in which the VEV matrix (Yj) is diagonal.) Let us define 
a transformation of a VEV matrix (Yy) from a 6-basis to an a-basis as 

{Yf)a = Ul{Yf)Ma, (2.14) 

where Uab are unitary matrices, and {Yf)a denotes a VEV matrix form on the a-basis. The 
unitary matrices Uab satisfy C/^j, = Uba and UabUbc = Uac- (These operators Uab are not always 
members of 0(3) flavor-basis transformations.) Since YJ = Yf in the present model, the VEV 
matrix (Yy) are diagonalized as Uj{Yf)Uf = (Yf)^ = {Yf)f. Therefore, {Yu)d is given by 

{Yu)d = V^{6){Yu)uV{6), (2.15) 

where V{5) is the standard expression of the CKM matrix. The simplest assumption is to 
consider that the d-basis is identical with the e-basis, and then, one can regard Uue as Uue = V 
because Uud = V- However, since one has assumed that Y„ and Yg are real, the flavor-basis 
transformation matrix Uue must be orthogonal, i.e. the phase parameter (5 is or vr even if one 
assumes the form Uue = ^(<5)- As one has already seen in Table 1, the case with 6 = n can give 
reasonable numerical results. 

Anyhow, one assumes the form 

($„)e = U^,{<^u)uUue = F^(<5)($„)^F(<5), (2.16) 

one can obtain the following phenomenological neutrino mass matrix 

{My)e = kyYf [V^m^V{6)Y^^ + Yfv''{6)<^^Vid) + ^YyYy] ' Y^ 

= ky [iYfr^V^{5)^^V{5)+V''{5)<^^V{5)iY,^r'+Coir\ (2.17) 

where YJ^ oc diag(me, m^, m,-) and oc diag(^m„, ^/nic, ^/mt)- The third term (^o term) 
does not affect the lepton mixing matrix U . Rather, the existence of the term is useful to 
adjust the value of Am2i/Am|2 because the predicted values in Table 1 were considerably small 
compared to the observed value = 0.028 it 0.004, where one has used the observed values 
Am|i = (7.59 ±0.21) x lO^^eV^ [7] and \^ml^\ = (2.74l°;^^) x lO'^eV^ [B]. 

3 Conditions for a tribimaximal mixing 

In this section, we investigate what phenomenological relations are required for the mass 
matrix (2.17) in order to give a nearly tribimaximal mixing. Since one know [10] that a mixing 



I.e. 



matrix for (M^) ^ is given by U* when a mixing matrix for M,^ is given by U, for the purpose 
to obtain conditions for a tribimaximal mixing, one can investigate the following matrix 

M = iYf)-W^i6)<^^vi6) + F^(5)ci>f y(<5)(y,^)-i + ^ol, (3.1) 

Mij = ( — + — ) V V^VfciVfcj, (3.2) 

instead of the mass matrix (2.17). Since the ^o-term is not essential for evaluating the mixing 
matrix U, hereafter, we put = 0. (Although a similar study has been done in Ref.[9] based on a 
U(3) flavor symmetry, where the VEV matrix {^u)e has been given by {^u)e = {6){^u)uV{6), 
in the present 0(3) model, the VEV matrix {^u)e is given by {^u)e = {6){^u)uV{6).) 
As shown in Appendix, the conditions to obtain the maximal 2 <-> 3 mixing, i.e. 

sin2 2e23 = 4|C/23p|C/33|' = l, \Ul3\^ = 0, (3.3) 
IM12I = IM13I, (3.4) 



are 



and 



Prom Eq.(3.2), one obtains 



IM22I = IM33I, (3.5) 



M12 ~ ^^^21^22, (3.6) 



Mi3 ~ ^^31^33, (3.7) 



nip 



M22 ^ 2^Vis, (3.8) 



M33 ^ 2^Vi^, (3.8) 
rrir 

where one has assumed a hierarchical structure of \Vij\ similar to the observed CKM matrix. 



The condition (3.5) requires 




rrir m,, 

i (3.9 

rrit rrir 



The left- and right-hand sides of Eq.(3.9) give values [3j 0.060 and 0.059, respectively. Therefore, 
the condition (3.5) is phenomenologically well satisfied. On the other hand, the condition (3.4) 
requires 

--§4- (3-10) 

mt 1^21 1 



In order to evaluate the relation (3.10), one uses a relation 



V31 (vi^ , ^11 -^^13 



^21 vn*3^^2iK,3y' ^^'^^^ 

from the unitary relation T^i^is + ^21^2*3 + ^31^3*3 ~ 0- ^ standard expression of the CKM 
matrix, Eq.(3.11) leads to 

"31, , /■„, , ll'^i.La 



The left-hand side of Eq.(3.10) is 0.060, and the right-hand side is 0.0412 + 0.0174 = 0.0586 
for 6 = TT. Thus, the condition is also well satisfied. Note that if the observed value of \Vtd\, 
\Vtd\ = 0.00874 [4J, as the value IV31I is used, the condition (3.10) cannot be satisfied. This is a 
reason for that when one used the original Kobayashi-Maskawa phase convention instead of the 
standard CKM matrix expression, one could not give a nearly tribimaximal mixing as seen in 
Table 2. 

Next, we check the condition to give tan^ 9i2 = 1/2, 



r?2 ((M22M33)'/' + M23) - Mil = ry(Ml2Ml3)^/^ (3.13) 
(see (B.16) in Appendix B). From Eqs.(3.6) - (3.8) and 



Mn^2^l."-^V,\ + .r-^VA]. (3.14) 

rUe \V mt y mt 



M23 =^ ^^32^33, (3.15) 

one finds IM22 + M23I <C |Mii, so that the condition (3.13) requires M23 ~ Mn {rj = —1 in the 
present case). The condition M23 ~ Mn requires 



1 /m,, 1 
\Vus\ \ mt 2 

The left-had side of Eq.(3.16) gives 0.2257 + 02007 = 0.4264. Considering the present rough 
approximation, one may consider that the condition (3.13) is roughly satisfied. 

In conclusion, in order to obtain a tribimaximal mixing, the three phenomenological re- 
lations (3.9), (3.10) and (3.16) must simultaneously be satisfied. It is hard to consider that 
such the simultaneous coincidences are accidental. Rather, it should be considered that such 
the phenomenological relations originate in a common law. Also, one must note that, in order 
to satisfy the condition (3.10), one must take the standard expression of the CKM matrix and 
use the observed values \Vus\, \Vcb\ and \Vub\ in order to fix the three rotation angles in the 
CKM matrix. This suggests that the down-quark mass matrix has a similar structure with 



the charged lepton mass matrix Mg. In the next section, we wih investigate a possible relation 
between Mfi and Mg. 



4 Possible structures of and Mg 

In this section, we speculate possible mass matrix forms of the down-quark and charged 
lepton mass matrices and Mg which lead to the assumption (1.6). 
Generally, there are 9 phase conventions of the CKM matrix V |llj : 

V{m, n) = R„,PiRiRn (jn + l + n), (4.1) 

where m,n,i = 1, 2, 3, and 



/ 1 



Vo 





c s 
—s c 



R2{0) 



c s \ 
1 
-s c / 



c s \ 
-s c 
V 1 / 



(4.2) 



Pi = diag(e^^ 1,1), 

P2 = diag(l, e*^ 1), (4.3) 
Pa = diag(l, 1, e'^). 



(c = COS0 and s = sm.9). For example, the standard expression Vsd of the CKM matrix 

Vsd{5) = Ri{023)P3{S)R2i9i:i)P3i-6)R3i9i2), (4.4) 

is rewritten as 

Vsd{6) = e'^Pi{-6)Ri{e23)P2{-6)R2{0is)R3{ei2)P3{-6), (4.5) 

because P^iS) = e^^ Pi{—6)P2{—6). Since the factors e''^Pi{—6) and Psi—d) in the left- and right- 
hand sides can be absorbed into the unobservable phases of up- and down-quarks, respectively, 
the standard expression Vsd corresponds to the expression V{1,3) defined in (4.1). 

In the 0(3) model, where the mass matrices are symmetric, the mass matrices and 
are diagonalized as 

U^MuUu = Du, UjMdUd = Da, (4.6) 
and the CKM matrix V is given by 

V = UlUd. (4.7) 

As seen in the general expressions of V given in (4.1), one can always find a flavor basis (we 
refer to it as a "x-basis") in which the CP- violating phases are factorized as 

{Yu). = Pn{Wu)M5u), (i^d)x = Pn{h){Yd)Mh), (4.8) 

where (Xu)x and (Y(])x are real matrices, and they are diagonalized by rotation matrices P„ and 
Rd as 

Rl{Yu)A = Du, Rj{Yd),Rd = Dd, (4.9) 



respectively. Then, since [/„ = Pn{—Su)Ru and Ud = Pn{—Sd)Rd, one obtains the expression of 
the flavor-basis transformation operator Uud 

Uud = V = R^PniSu - 6d)Rd- (4.10) 
Similarly, one can obtain an expression of Uue as follows: 

Uue = RlPn{Su-Se)Re. (4.11) 

Now, let us return to our model. As seen in Sec.3, the requirement (1.6) for a nearly 
tribimaximal mixing is rewritten as 



Uud = Rlie23)P3{Sg)R2i9l3)P3i-Sl)R3{012), 
Uue = Rl{e23)P3{Se)R2{ei3)P3{-Se)R3{012), 

where the rotation angles are fixed by the observed CKM mixing data as 

6*13 = sin"^ I Kb I, 



(4.12) 



023 = sin-i(|K5|/y W^^) , (4.13) 

and the phase parameters are taken as 5q ~ 70° and 6i = 180°. This suggests that the mass 
matrices Md and Mg in the x-basis are diagonalized by the same rotation matrix 

Rd = R2{0f3)R3{Ol2), (4.14) 

while the up-quark mass matrix in the x-basis is diagonalized by 

Ru = Rl{et^)Rl{e23), (4.15) 

where ^13 = Of^^ — 6'"3, 623 and 6*12 are given by (4.13), and the phase parameters are given by 

5q = 5d-5u^ 70°, 5t = 5e-5u = 180°. (4.16) 

(Since we have assumed that 1^ and Yg are real in the present model, the phase factors 5„ and 
5e must be or it.) Therefore, forms of the mass matrices M„, Md and Mg in the x-basis are 
given by 

(K). = P2{5u)Rl{eX^RT{023)DuRl{e23)R2{0h)P2{5u), 

{Yd). = P2{6d)R2{0'n)R3{0i2)DuRU0i2)Rl{ef3)P2{Sd), (4.17) 

{Ye)x = P2{Se)R2{0i^)R3{0l2)D^Rl{ei2)R^{0f^)P2{5e). 

In other words, one can choose such a x-basis in which the mass matrices Md and Mg are 
diagonalized simultaneously, and CP-violating phase factors are factorized as shown in (4.17). 

5 Concluding remarks 



When one consider a neutrino mass matrix form 

M, OC {{^eri^uT + {^uTi^err^ , (5.1) 

one can find that a case which can give a reasonable lepton mixing is only a case with m = — 2 
and n = 1, even if one consider any form of Uue- (This is related to the observed fact y'm^Jmt — 
m^/rn-T-.) One also find that the case with m = —2 and n = 1 can lead to a nearly tribimaximal 
mixing only when one assume Uue = V5D(7r), where Vsd{S) is the standard expression of the 
CKM matrix with the inputs \ Vus\, |V^b| and \Vub\- Therefore, in the present paper, it has been 
investigated what structure of the neutrino mass matrix form (1.2) play an essential role in 
giving a nearly tribimaximal mixing. We have found that, in order to obtain such a nearly 
tribimaximal mixing, we need to accept the three phenomenological relations (3.9), (3.10) and 
(3.16). It is hard to consider that such the relations accidentally hold, so that we consider that 
the ad hoc assumption Uue = yi^i) has an underlying meaning. In Sec. 4, we have investigated 
possible structures of the down-quark and charged lepton mass matrices. We have concluded 
that there must be a specific flavor basis in which the down-quark and charged mass matrices 
are simultaneously diagonalized. 

In the present model, an 0(3) flavor symmetry has been assumed. Relations which are 
obtained from the 0{3)f invariant superpotential by using SUSY vacuum conditions hold only 
in flavor bases which are connected by an orthogonal transformation. Therefore, in order to 
use those relations in the e-basis and/or -u-basis, it has been assumed that ($e) and {^u) are 
real and the e-basis and u-basis can be connected by an orthogonal transformation Uue- On 
the other hand, one knows that (1^) cannot be real because of the observation of CP violating 
phenomena in the quark sector. Therefore, one cannot use the relations from the SUSY vacuum 
conditions in the d-basis. (However, this does not mean that one cannot build a down-quark 
mass matrix model. Relations including Yukawaon still hold in the u-basis.) 

In spite of such disadvantage of the 0{3)f model, the reason that one consider 0(3) flavor 
symmetry is as follows: If we consider a U(3) flavor symmetry, the Yukawaon Yr (and also Yu 
in a grand unification scenario) must be 6 of U(3)i?. It is difficult to build a U(3)i? invariant 
superpotential for Y/j without considering higher dimensional terms. (For example, a Yukawaon 
model based on a U(3)f symmetry is found in Ref.p]. However, the superpotential term for Yr 
in the U(3)i;' model is somewhat intricate.) In order to build a simpler model for Yr, one will 
be obliged to adopt an 0{3)f model. 

In the present scenario, it is assumed that there are no higher dimensional terms with 
(1/A)" (n > 1) in the superpotential except for the effective Yukawa interaction terms Wy, 
Eq.(2.1). Although we want to build a model of Wy without any higher dimensional terms, at 
present, we have no idea for such a model. It is a future task to us. 

So far, we have not discussed a structure of which gives a down-quark mass matrix 
(Yii), although an attempt to give such Wd has been proposed in Ref.[l]. Since this is not the 
question of the moment in the present paper, we did not discuss. We will discuss a possible 
structure of Wd elsewhere. 

Although the present approach to the masses and mixings of quarks and leptons is not 
conventional and not yet established, this approach will become one of the promising approaches 



because one can treat the masses and mixings without discussing expUcit forms of the Yukawa 
couphng constants. 
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Appendix A: An example of W^f 

The superpotential term W^u in Eq.(2.2) has been introduced to fix the VEV spectrum of 
the ur-Yukawaon In this appendix, we demonstrate an example of 

When one introduces a further new field with a U(l)x charge Qx = —{3/2)xu, one 
can have a term Tr[$„l^i?,j]. However, of course, if one has only this term, one cannot fix 
the eigenvalues of because one needs a cubic equation in (^u). Therefore, one assume 

existence of TT[A]Tr[BC], Tr[B]Tv[CA] and Tr[C]Tr[ylS] in addition to the term Tr[ABC] only 
for the term W^u- Then, the superpotential Wu for the up-quark sector is given by 

Wu = A„TV[$„$„A„] + HuTr[YM + W^u, (A.l) 

W^u = ynTr[{<5uYu + YMBu] + 2yi„Tr[<5„]Tr[y„5„] 

+2y2uTr[Y^]Tr[^uBu] + 2y3«TV[5„]TV[$„y„] . (^.2) 

The SUSY vacuum condition dW/dAy, = has already been investigated in Sec. 2. In this 
appendix, we will investigate dW/dYu = 0, dW/d^u = and dW/dB^ = 0. 
Prom the conditions dW/dVu = and dW/d^u = 0, one obtains 

dW 

— = = fiuAu + Vui^uBu + S„$„) + 2yi„TV[$] 5„ + 2y2„'IV[$B„] 1 + 2j/3«'IV[S„] {A.3) 
dW 

0^ = = Xui^uAu + Au^u) + yu{YuBu + ByY^) + yiuTT[YuBu] l + 2/2«'IV[y„] 5„ + y3«TV[S„] Y^. 

(AA) 

Since one searches a vacuum with 7^ and 1^ 7^ 0, one can obtain 

Au = B^ = 0, (A.5) 

by requiring Eqs.(A.3) and (A.4) simultaneously. On the other hand, from dW/dBu = 0, one 
obtains 

dW 

-— = = yui^uYu + Yu^u) + 2yiuTr[^u] Yu + 22/2«TV[y„] + 2y3„Tr[$„y„] 1. (AS) 

OtSu 

By substituting Yy_ oc ^u^ui Eq.(2.4), one obtains a cubic equation in 

yu^l + yi„Tr[$„] + y2nTr[$2] + y3„TV[$3] 1 = 0. {A.l) 



Since the coefficient of yiuTr[$u]/2yu, in a cubic equation (A. 7) must be equal to — Tr[<I>u], 
one obtains a restriction 

yiu = -Vu- {A.8) 
Also, from constraints for the coefficients of $ and 1 in the cubic equation, one obtains 

^Tr[$2] = i (Tr[cl>j2 _ Tr[$2]) , (^.9) 
Uu ^ 

and 

^TV[$3] = -det$„, (^.10) 

Vu 

respectively. The constraints (A. 9) and (A. 10) lead to formulas 



Tr[$^] 1 



Tr[$J2 l + 2y2u/yu 

and 



(All) 



respectively. Thus, the VEV spectrum can completely be determined by the coefficients yiu/Vu, 
y2u/yu and y^u/yu- 

We also assume the same structure We as Wu for the charged lepton sector. Then, if one 
takes y2e/ye = 1/4, one obtains Tr[<I>g]/Tr[$e]'^ = 2/3, so that one can obtain an interesting 
charged lepton mass relation [12]. However, since the purpose of the present paper is not to 
discuss the mass spectra of quarks and leptons, we do not touch this problem. 

Appendix B: Mass matrix form for a tribimaximal mixing 

A general mass matrix form which gives a tribimaximal mixing [5] has been given by He 
and Zee [1^ . We summarize the general form for a case of the tribimaximal mixing matrix with 
phases, and we discuss conditions for sin^ 2023 = 1 and tan^ 9i2 = 1/2 separately. 

An orthogonal mixing matrix U which gives a maximal 2 <-> 3 mixing 

sin2 2l923 = l and C/13 = 0, {B.l) 

is given by a form 

/ 

U = 



\ 



c 


s 





\ 






1 








V2 








1 








V2 



{B.2) 



where c = cos 9 and s = sin 9. Since a mixing matrix U with U13 = cannot contain a CP 
violating phase, an extended form U from the orthogonal mixing matrix [/ to a unitary mixing 
matrix is given by 

U = P{a)UP{/3), {B.3) 



where 

When one defines a mass matrix M with M'^ = M which is diagonahzed by U as fohows: 

U'^MU = D = diag(mi, m2, ms), {B.5) 

one can obtain 

U^MU = P'^i-/3)D = diag(mi,m2,m3) = D, {B.6) 

where 

M = P{a)MP{a). {B.7) 

The matrix M which is diagonahzed by an orthogonal matrix is real except for a common 
phase factor, so that the eigenvalues rhi are also real. As seen in Eq.(B.6), the phases Pi in 
fhi = mjC"^*^' are the so-called Majorana phases, they are unobservable in neutrino oscillation 
experiments. Hereafter, for convenience, we denote fhi as rrii simply. Then, one can obtain the 
explicit form of M from M = U DU^ as 

Mil = |(?Ti2 + nil) — ^("1-2 — rni) cos 26, 

M22 = M33 = ima + i(m2 + mi) + \{m2 - mi) cos 26*, 

M12 = Mia = ^("^2 - mi) sin 20, 

M23 = -^ma + l{m2 + mi) + \{m2 - mi) cos 20. 

Therefore, the conditions that the mass matrix M gives the maximal 2 3 mixing (B.l) are 

M12 = Mia and M22 = Maa, (-B.9) 

i.e. 

Mi2e^"2 = Miae^'*^ and M22e2''*2 ^ Maae^^"^ {B.IQ) 



The conditions (B.IO) are rewritten as 

^ ^l%{az-a2)_ (-B.11) 



/Mi2y ^M22 ^ 2^(a3-a,) 



VMiay Maa 
On the other hand, the mixing angle Q = Q12 is obtained from 



I.e. 



2\/2ii/i9 

tan 26* = ^ \^ ^ , (S.12) 

Maa + M2a - Mn 



tan 20= 2v/2,(M..M..)V^ 

1)2 ((M22M3s)'/2 + M23) - Ml, ' 



where 



T] = exp i I —ai + 



a2 + as 



2 



) 



(5.14) 



Therefore, the conditions for a tribimaximal mixing, i.e. constraints (B.l) and 



tan' 




{B.15) 



require the conditions (B.ll) and 



7?2 ((M22M33)'/' + M, 



23 



) 



Mil = r?(Mi2Mi3) 



1/2 



(5.16) 



respectively. 
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